Abstract: Arkansas Regressor (AR) chickens, unlike Arkansas Progressor (AP) chickens, regress tumors induced by the v-src oncogene. To better understand the genetic factors responsible for this tumor regression property, whole genome resequencing was conducted using Illumina Hi-Seq 2 × 100 bp paired-end read method (San Diego, CA, USA) with AR (confirmed tumor regression property) and AP chickens. Sequence reads were aligned to the chicken reference genome (galgal5) and produced coverage of 11× and 14× in AR and AP, respectively. A total of 7.1 and 7.3 million single nucleotide polymorphisms (SNPs) were present in AR and AP genomes, respectively. Through a series of filtration processes, a total of 12,242 SNPs were identified in AR chickens that were associated with non-synonymous, frameshift, nonsense, no-start and no-stop mutations. Further filtering of SNPs based on read depth ≥ 10, SNP% ≥ 0.75, and non-synonymous mutations identified 63 reliable marker SNPs which were chosen for gene network analysis. The network analysis revealed that the candidate genes identified in AR chickens play roles in networks centered to ubiquitin C (UBC), phosphoinositide 3-kinases (PI3K), and nuclear factor kappa B (NF-kB) complexes suggesting that the tumor regression property in AR chickens might be associated with ubiquitylation, PI3K, and NF-kB signaling pathways. This study provides an insight into genetic factors that could be responsible for the tumor regression property.
Introduction
Chickens are not only an important supply of proteins for the human population but are also outstanding animal models in several fields of biology. They provide excellent opportunities for unraveling the genetic basis of phenotypic variations [1] . Their larger population size and increased longevity provide a greater chance for the evolution of their variants, that are then selected for important agronomic traits, providing an exceptional opportunity to discover novel functions of the specific genes [2, 3] . There are diverse variants of chickens integrating various mutations that affect disease resistance and susceptibility, growth rate, body weight, muscle color, reproduction, behavior, feather color, structure and distribution, and comb shape [4] [5] [6] [7] [8] [9] .
Arkansas Regressor (AR) and Arkansas Progressor (AP) chickens are important animal models for studying the molecular basis of disease resistance and susceptibility. The AR and AP chickens were developed in 1965 by inbreeding of White Leghorn (susceptible to Rous Sarcoma virus: RSV) and Giant Jungle Fowl strains (resistant to RSV) [10] . The AR birds regress tumors induced by v-src oncogene of RSV, unlike the AP birds which develop malignant tumors upon v-src activation in connective tissue known as sarcoma. The tumor regression process in AR chickens may be due to the suppression of cell division, induction of apoptosis, DNA damage repair, or inhibition of metastasis by various tumor suppressor genes. In chicken models, tumor regression has been found to be strongly associated with both B complex haplotype, that encodes major histocompatibility complex (MHC), and non-MHC molecules which include T-lymphocytes and B-cell alloantigens [11] [12] [13] .
Single nucleotide polymorphisms (SNPs) are very common genetic alterations and occur at a rate of~5 SNPs per kilobase (kb) in chickens [14] and~1 SNP per 1-2 kb in human [15] . An SNP in a coding region of DNA may change the encoded amino acid (nonsynonymous), thereby altering the structure and function of the encoded protein. Other SNPs may be silent (synonymous) in the coding region or simply occur in the noncoding region of chromosomal DNA. The SNPs may influence gene expression, messenger RNA (mRNA) stability, and localization of mRNAs/proteins in subcellular compartments; therefore, they may develop alteration of phenotypic traits [16] . They have become important biomarkers and are utilized for the study of population genetics and evolutionary changes [15, 17] .
Several genetic variation analyses are performed to identify SNPs associated with disease resistance traits in chickens [4, [18] [19] [20] . However, there is limited information about the genetic factors responsible for disease resistance mechanisms against RSV in chickens. Therefore, this study was performed to identify SNPs responsible for resistance of RSV-induced tumor development in AR birds, unlike in AP birds. The SNPs resources presented here can be useful markers for understanding the disease resistance mechanisms in chickens.
Materials and Methods

Chicken Lines and DNA Preparation
Adult AP and AR chickens that are maintained by Dr. N. Anthony at the University of Arkansas (Fayetteville, AR, USA) were used for this study. A blood specimen (1 mL) was collected from 12 birds from each line following an animal use protocol approved by the University of Arkansas Institutional Animal Care and Use Committee (IACUC; approval number: 14012). Genomic DNA was extracted from whole blood samples using a QiaAmp DNA mini kit (Qiagen, Hilden, Germany) following manufacturer's instructions. The quality of the DNA was checked using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and agarose gel electrophoresis. Then, the 10 best quality samples from each line were pooled to represent each chicken line.
Illumina Sequencing and Sequence Assembly
Library construction and whole genome sequencing for the pooled DNA samples were performed by the National Center for Genome Resources (NCGR; Santa Fe, NM, USA). Illumina HiSeq 2 × 100 bp paired-end read method was used for genome sequencing. The quality of raw sequencing data was determined using FastQC toolkit [21] and low-quality reads were removed using reformat.sh in BBMap [22] . The clean reads were then aligned to the chicken reference genome sequence for Red Jungle Fowl (galgal5) retrieved from National Center for Biotechnology Information (NCBI). For the reference-based genome alignment, the NGen genome sequence assembly program of the Lasergene software package (DNAStar, Madison, WI, USA) was used. Assembly parameters were as follows: File format, Binary Alignment Map (BAM); mer Size, 21; mer skip query, 2; minimum match percentage, 93; maximum gap size, 6; minimum aligned length, 35; match score, 10; mismatch penalty, 20; gap penalty, 30; SNP calculation method, diploid Bayesian; minimum SNP percentage, 5; SNP confidence threshold, 10; minimum SNP count, 2; minimum base quality score, 5. After assembly, the SeqMan Pro program of the Lasergene package (DNAStar) was used for further analyses [23] .
SNP Detection and Analysis
The JMP genomics (SAS Institute, Inc., Cary, NC, USA) program was used for filtering unique SNPs for tumor regression in the AR chickens. Single nucleotide polymorphism (SNPs) occurring in both AR and AP lines were removed, leaving behind the unique SNPs for each line. To identify highly fixed and homozygous SNPs, the SNPs were filtered based on SNP percentages (SNP%). The SNPs with a SNP% of ≥ 0.75 (for example, number of SNP = 3 of read depth = 4) were chosen. The 75% cutoff for SNP selection was set by considering potential sequencing errors that can be generated by the massively parallel sequencing method. Potential causal tumor regressing SNPs that induce non-synonymous changes in CDS (coding DNA sequences; protein coding) regions were chosen and unique SNPs in either AP or AR showing ≥ 10 read depths were selected as reliable SNPs. To reduce false positives, reliable SNPs chosen by criteria described above were confirmed by double-checking the initial assembly results with alignment view in SeqMan Pro program of Lasergene package (DNAStar).
Validation of SNPs
For validation purposes, nine different SNPs associated with the induction of amino acid changes in CDS regions were randomly selected and subjected to allele-specific polymerase chain reaction (PCR) using a greater number of birds. The intent of this assay is to validate the identified SNPs in the broader population. The validation assay of SNPs confirms: (1) That the nucleotide differences seen in the sequenced bird's also occur in other birds of the same group; (2) that the sequence variants do in fact represent fixed differences. For this, 96 phenotypically verified birds each from AR and AP lines were used for blood sampling and then genomic DNA isolation. Genomic DNA was purified from whole blood using the Wizard SV 96 Genomic DNA Purification System (Promega; Madison, WI, USA) following the manufacturer's instructions. The quality and quantity of isolated DNA were determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific) and agarose gel electrophoresis. DNA from all samples were then diluted to 1 ng/µL in 96-well PCR formats. Allele-specific primers were designed corresponding to nine different SNPs based on the Red Jungle Fowl genome sequence (galgal5). Two sets of primers were designed with a common reverse primer for each SNP. The forward primer designated as F1 is the reference type whose terminal nucleotide at the 3' end matches with a base in the reference genome. The forward primer designated as F3 is the SNP type and terminal nucleotide at the 3' end matches with a base in the SNP. The third nucleotide from the 3' end of both the forward primers (F1 and F3) were intentionally changed so that they mismatch with the genome in that position [24] . All primers were commercially synthesized by Integrated DNA Technology (Ames, IA, USA) ( Table 1) . Allele-specific PCR was conducted using F1 and F3 forward primers and a common reverse primer separately in 25 µL reaction volume in 96-well plates with cycle conditions as follows: 95 • C for 1 min, 35 cycles of amplification (95 • C for 30 s, 55 or 63 • C for 1 min, 72 • C for 1 min), and final extension 72 • C for 10 min in Applied Biosystems 2720 Thermal Cycler (Life Technologies, Carlsbad, CA, USA). Formation of allele-specific PCR products was determined by 1% agarose gel electrophoresis.
Ingenuity Pathways Analysis
Candidate genes (n = 58) retaining SNPs (n = 63) associated with the regression of tumors after the filtering process were analyzed using Ingenuity Pathway Analysis (IPA; Qiagen; www.ingenity.com) for understanding the gene ontology and molecular networks. Since IPA uses mechanistic pathways derived from human, mouse, and rat bioinformatics, functionalities for genes containing SNP in chicken were interpreted based primarily on mammalian biological mechanisms. The number of molecules in the network was set to the limit of 35, leaving only the most important ones based on the number of connections for each focus gene (a subset of uploaded significant genes having direct interactions with other genes in the database) to other significant genes [25] . 
Results and Discussion
Genome Sequencing and Assembly
The results of the Illumina sequencing of pooled genomic DNA from 10 AR and AP chickens yielded approximately 55 and 69 million sequence reads, respectively, each 200 bp in length. Among these reads, approximately 80% were used for alignment while the remaining 20% were not aligned due to their lower sequence count scores. The sequencing coverage of AP and AR lines therefore reached 14× and 11×, respectively, to the Red Jungle Fowl genome, see Table 2 . The 7.1 and 7.3 million SNPs examined in the AR and AP line, respectively, were found at the minimum of two read depths coverage. Most of the SNPs were found in large chromosomes 1 to 4 (data not shown). For identification of the signature genetic biomarkers that may be associated with the tumor regression trait in AR chicken lines, the unique SNPs that were present only in AR were selected by removing the SNPs that were also present in AP birds. Further steps of SNP filtration were carried out as described elsewhere by Jang et al. [23] . Briefly, the SNPs having SNP% ≥ 0.75, present in the CDS region only, associated with non-synonymous mutations (such as frameshift, nonsense, no-start and no-stop changes), and showing ≥ 10 read depths were considered as potential candidate SNPs and thereby included in this study. However, the process used in this study did not involve a typical SNP calling and filtering method based on quality score. From the unique AR SNPs, filtration based on SNP% ≥ 0.75 resulted in approximately 1.2 million SNPs identified throughout the AR chicken genome. Further grouping of SNPs based on feature type of chromosome regions showed that 24,868 SNPs were present in CDS region and about 50% were found in the intergenic region, see Figure 1A . Of these, non-synonymous mutations occupied~50% of all SNPs found in CDS region, see Figure 1B . The higher percentage of SNPs found in intergenic or regulatory regions in the AR chicken genome matched with a genome-wide association study (GWAS) study in chickens [26] . About 42% of AR SNPs in the protein coding region were associated with synonymous mutations that did not lead to amino acid changes, see Figure 1B . Though non-coding sequences and synonymous substitutions in protein coding regions are being considered as driver mutations leading phenotypic changes, in this study we aimed to identify the potentially causal SNP of non-synonymous mutations which were linked to changes in amino acid sequences followed by alterations of protein structures/functionalities that are responsible for the tumor regression property in AR chickens. A total of 12,242 SNPs were identified as linked with the induction of mutations such as nonsynonymous, frameshift, nonsense, no-start and no-stop. This suggests that these SNPs may play roles in protein functions leading to the tumor regression property in AR chickens. Since the 10 genomic DNA samples per group were pooled for the genome resequencing reaction, SNPs showing ≥10 read depths (considered to be more reliable candidate genetic markers present in each coverage) were chosen for further analysis. It does not mean a particular SNP showing lower read counts is not important. When a number of genes retaining 12,242 SNPs were subjected to bioinformatic pathway analysis (IPA), it covered ~9,000 genes, and almost all cellular and biochemical pathways were listed as functional mechanisms (data not shown). To specify certain functional pathways, we filtered SNPs with simple numerical read counts in each SNP position based on the consideration that the higher the counts, the more reliable the SNPs [6, 23] . Using this approach, 63 SNPs remained, see Table 3 . To reduce false positives due to possible errors in the assembly process, re-scanning of each SNP position for the 63 potentially more reliable SNPs was conducted using the Seqman-Pro viewer program (data not shown). These 63 candidate SNP markers were chosen for further bioinformatic pathway analyses. Remaining genes retaining SNPs will be investigated with an alternative approach, such as screening of a custom SNP array that contains 12,242 SNPs representing nonsynonymous amino acid changes. The higher percentage of SNPs found in intergenic or regulatory regions in the AR chicken genome matched with a genome-wide association study (GWAS) study in chickens [26] . About 42% of AR SNPs in the protein coding region were associated with synonymous mutations that did not lead to amino acid changes, see Figure 1B . Though non-coding sequences and synonymous substitutions in protein coding regions are being considered as driver mutations leading phenotypic changes, in this study we aimed to identify the potentially causal SNP of non-synonymous mutations which were linked to changes in amino acid sequences followed by alterations of protein structures/functionalities that are responsible for the tumor regression property in AR chickens. A total of 12,242 SNPs were identified as linked with the induction of mutations such as non-synonymous, frameshift, nonsense, no-start and no-stop. This suggests that these SNPs may play roles in protein functions leading to the tumor regression property in AR chickens. Since the 10 genomic DNA samples per group were pooled for the genome resequencing reaction, SNPs showing ≥10 read depths (considered to be more reliable candidate genetic markers present in each coverage) were chosen for further analysis. It does not mean a particular SNP showing lower read counts is not important. When a number of genes retaining 12,242 SNPs were subjected to bioinformatic pathway analysis (IPA), it covered~9000 genes, and almost all cellular and biochemical pathways were listed as functional mechanisms (data not shown). To specify certain functional pathways, we filtered SNPs with simple numerical read counts in each SNP position based on the consideration that the higher the counts, the more reliable the SNPs [6, 23] . Using this approach, 63 SNPs remained, see Table 3 . To reduce false positives due to possible errors in the assembly process, re-scanning of each SNP position for the 63 potentially more reliable SNPs was conducted using the Seqman-Pro viewer program (data not shown). These 63 candidate SNP markers were chosen for further bioinformatic pathway analyses. Remaining genes retaining SNPs will be investigated with an alternative approach, such as screening of a custom SNP array that contains 12,242 SNPs representing nonsynonymous amino acid changes. 
SNP Validation
To verify the SNPs identified by genome resequencing, nine SNPs were randomly chosen from the 63 reliable candidate SNPs and subjected to allele-specific PCR in a greater number of birds, see Figure 2 ; specifically, 96 AR chickens with confirmed tumor regression property and 96 AP chickens with confirmed tumor progression property were used. The purpose of this validation is to confirm that identified SNPs present in the sequenced birds also occur in other birds of the same group to elucidate fixed differences between AR and AP groups. The results clearly showed the segregation of SNP genotypes as the majority of AR and AP birds showed SNP type and reference type, respectively, see Table 4 . Thus, the 63 SNPs chosen in this study may become potential genetic biomarkers for tumor regression in AR chickens.
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Ingenuity Pathway Analysis of Candidate Causal Genes
The IPA program was used to determine functional groups and networks analysis for genes containing amino acid changes in AR chickens. We used several online analytical tools (GO, KEGG, and Gorilla etc.), in addition to IPA, to analyze functions of the genes containing SNPs and obtained similar results of gene-to-gene interactions, function, and disease categories. Thus, the only bioinformatic pathway results generated by IPA will be discussed here in order to more clearly present the mechanistic results. The 63 SNPs were found in 58 genes associated with chromosomal open reading frames, and hypothetical proteins, see Table 5 . The genes were further grouped into 89 functional groups (Supplementary Materials Table S1 ), that are directly or indirectly related to tumor development. 
Gene Networks
Using IPA, molecular networks were generated using the interacting genes associated with amino acid changes in AR chickens based on functional knowledge inputs. A summary of the associated network functions of candidate genes is presented in Table 6 . The major functions of molecules associated with Network #1 are related to developmental, heredity, and metabolic disorders. Similarly, the top functions of molecules in Network #2 include cell death and survival, hematological system development and function, and humoral immune response, see Table 6 . The molecules in Network #1, see Figure 3 , and Network #2, see Figure 4 , are centrally linked to ubiquitin C (UBC). The UBC functions in protein degradation, DNA repair, cell cycle regulation, kinase modification, endocytosis, and regulation of other cell signaling pathways. Ub ligase, an important enzyme in the ubiquitination process, which functions for ligating the substrate molecule to ubiquitin via lysine residue, may function in regulating the stability of oncogenes or tumor suppressors-proteins [27] . In AR chickens, the amino acid lysine was found to be changed to glutamic acid in FAM208B (family with sequence similarity 208, member B). Similarly, lysine residues in proteins LAMB4 (laminin, beta 4) and IFT140 (intraflagellar transport 140 homolog) were identified as having changed to arginine residues. This might suggest that various cellular processes involving protein degradation by altered ubiquitylation properties of proteins may play a significant role in the regression of tumors in AR chickens. The candidate genes in Network #3, see Figure 5 , are associated with the signaling pathway of phosphoinositide 3-kinases (PI3K) and NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) connected to Arrestin Beta 1 (ARRB1) with insulin signaling in the center. The top functions of the genes are related to developmental, gastrointestinal, and heredity disorders. It has been reported that the PI3K signaling pathway is crucial for several aspects of cell growth and survival. Recent human cancer genomic studies have shown that many components of this pathway are frequently targeted for the design of anticancer agents in humans by many aberrations including mutation, amplification, and rearrangement [28] [29] [30] . A study has also shown that the inhibition of the PI3K pathway leads to the partial inhibition of tumor growth [31] . In this study, the SNPs identified in the genes PIK3R4 and PIK3C2G, which are the components of PI3K pathway may have The candidate genes in Network #3, see Figure 5 , are associated with the signaling pathway of phosphoinositide 3-kinases (PI3K) and NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) connected to Arrestin Beta 1 (ARRB1) with insulin signaling in the center. The top functions of the genes are related to developmental, gastrointestinal, and heredity disorders. It has been reported that the PI3K signaling pathway is crucial for several aspects of cell growth and survival. Recent human cancer genomic studies have shown that many components of this pathway are frequently targeted for the design of anticancer agents in humans by many aberrations including mutation, amplification, and rearrangement [28] [29] [30] . A study has also shown that the inhibition of the PI3K pathway leads to the partial inhibition of tumor growth [31] . In this study, the SNPs identified in the genes PIK3R4 and PIK3C2G, which are the components of PI3K pathway may have The candidate genes in Network #3, see Figure 5 , are associated with the signaling pathway of phosphoinositide 3-kinases (PI3K) and NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) connected to Arrestin Beta 1 (ARRB1) with insulin signaling in the center. The top functions of the genes are related to developmental, gastrointestinal, and heredity disorders. It has been reported that the PI3K signaling pathway is crucial for several aspects of cell growth and survival. Recent human cancer genomic studies have shown that many components of this pathway are frequently targeted for the design of anticancer agents in humans by many aberrations including mutation, amplification, and rearrangement [28] [29] [30] . A study has also shown that the inhibition of the PI3K pathway leads to the partial inhibition of tumor growth [31] . In this study, the SNPs identified in the genes PIK3R4 and PIK3C2G, which are the components of PI3K pathway may have a role in the down-regulation of the PI3K pathway and may be responsible for the tumor regression trait in AR chickens. The NF-kB signaling pathway also plays a role in oncogenesis as it regulates the expression of genes involved in the development and progression of cancer such as proliferation, migration, and apoptosis [32, 33] . It has been shown that blocking of PI3K leads to a marked reduction of constitutive NF-kB activity and promotes p53-mediated transcription. p53 is a crucial cellular protein that regulates the cell cycle and functions as a tumor suppressor, preventing oncogenesis [34, 35] . Therefore, the down-regulation of both PI3K and NF-kB signaling pathways due to the SNPs present in components of the PI3K pathway might block the anti-apoptotic pathway and lead to apoptosis by p53 tumor-suppressing properties in AR chickens. BMX Non-Receptor Tyrosine Kinase (also known as ETK) which is present in Network #3 is a Tyrosine-protein kinase Tec family of kinase and is found to be expressed in endothelial lineages and some cancers such as breast and prostate. It has been shown to have anti-apoptotic properties in prostate cancer lines and regulate the PI3K signaling pathway [36] [37] [38] . Due to the occurrence of a single nucleotide polymorphism in the BMX gene, the oncogenic functions of the BMX gene may have been turned off along with its regulatory action on the PI3K signaling pathway. This may be another reason for the tumor regression character of AR chickens.
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Conclusions
In this study, several candidate SNP markers which alter the amino acids residues associated with the tumor regression trait in AR chickens were detected through high-throughput genome resequencing. Based on bioinformatic studies, the reliable candidate genes containing SNPs were involved in ubiquitylation, PI3K, and NF-kB signaling pathways, suggesting their role in tumor regression in AR chickens. Future studies including screening custom SNP arrays that contain 12,242 SNPs representing nonsynonymous amino acid changes, allele-specific expression of the marker genes with candidate SNPs in target tissues, and more thorough bioinformatic pathway analyses will be performed to gain better insight into the mechanism of tumor regression in AR chickens.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1 : Functional groups of genes containing SNPs uniquely found in AR chickens.
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